Introduction {#s1}
============

Natural gas hydrate, also referring to the methane hydrate, is an ice-like clathrate constituted by hydrogen-bonded water molecules and light molecules like methane that have filled in the cavities via Van der Waals force (Sloan, [@B32]). This solidified natural gas (SNG) has been viewed as a potential alternative for natural gas transportation and storage because of several advantages (Thomas, [@B38]; Javanmardi et al., [@B11]; Koh et al., [@B13]; Veluswamy et al., [@B39]): the high volumetric storage capacity of 160--180 v/v, much milder formation and storing conditions than CNG and LNG, e.g., at 273.15 K and 3.2 MPa for methane hydrate formation, and safe and environmentally benign manufacturing process. However, technical challenges arise in the production process, primarily the slow kinetics of hydrate formation, large amount of heat generated, and limited gas storage capacity. Hydrate formation is always accompanied by heat release, which will impede hydrate growth if the heat is not removed in time, particularly in large-scale industrialization. Moreover, the theoretical gas storage capacity is hard to achieve due to the retarded mass transfer caused by the formation of thin hydrate layers at gas--liquid interfaces (Lee et al., [@B15]; Aman and Koh, [@B1]).

A great deal of effort has been focused on developing efficient methods for overcoming the above issues. To date, the most well-studied field is the formation of methane hydrates in the presence of surfactant, among which sodium dodecyl sulfate (SDS) showed the best performance (Zhong and Rogers, [@B47]; Kumar et al., [@B14]). In a recent review article, He et al. He et al. ([@B9]) have provided a good review of surfactant-promoted gas hydrate formation during the past three decades. Given the enormous amount of foam production in hydrate dissociation and the difficulty of recycling the surfactant, non-surfactant-based methods for improving hydrate formation have attracted growing attention over the last 10 years. A review by Veluswamy et al. ([@B39]) documented and discussed in detail the different materials applied for methane hydrate formation, e.g., silica gel, dry water, dry gel, sand, zeolite, and hollow silica, which are used as a fixed bed for hydrate reaction. Another review conducted by Nashed et al. ([@B22]) shed light on the nanomaterials for gas hydrate formation, where various metal-based particles, like nano-Ag, Cu, CuO, and ZnO were discussed, and it was concluded that nanoparticles not only could help to promote mass transfer but they could also contribute to heat transfer enhancement in the hydrate reaction. Additionally, some non-metal materials such as silica nanoparticles (Wang et al., [@B41]), graphene (Wang et al., [@B40]), and carbon nanotubes (Pasieka et al., [@B28]) exhibited excellent performance in promoting gas storage capacities and hydrate formation rate.

As carbon-based materials (e.g., activated carbon, graphite, graphene, and carbon nanotubes) have been widely employed in gas hydrate formation in recent years, this mini-review summarizes the published studies where the promotion effects of carbon-based materials on gas hydrate formation were investigated. With an attempt to draw critical conclusions after compiling this knowledge into a single article, this review provides significant guidance for developing novel methods for hydrate-based technology.

Gas Hydrate Formation With Carbon-Based Materials {#s2}
=================================================

Porous carbon-based materials, such as active carbon, graphite, carbon nanotubes, and graphene, can realize gas adsorption due to their porosity and high specific areas when utilized for hydrogen or methane storage (Nikitin et al., [@B23]; Mohan et al., [@B20]). During research on the gas adsorption process, scientists discovered that when carbon materials were wetted by water or dispersed in water, a higher methane storage capacity was obtained via hydrate formation under certain conditions. Hence, carbon materials attracted research interest as efficient promoters for the gas hydrate formation, resulting in numerous investigations in the last 10 years. Referring to the literature concerning different kinds of carbon materials, this section is divided into three parts: the promotion of gas hydrate formation by bulk carbon materials, carbon-based suspensions, and carbon-based nanofluid, respectively.

Gas Hydrate Formation With Bulk Carbon Materials
------------------------------------------------

Since natural gas hydrates are usually stored within porous sediments in nature, it is essential to understand the characteristics of hydrate formation in porous space. In experiments, the reactor is often filled with bulk materials with adsorbed water in the form of a packed bed for hydrate formation. The mass ratio of water to bulk materials, the material types, and the pore size are the primary factors that affect the gas hydrate formation rate and storage capacity.

The literature regarding the use of porous carbon materials (mainly referring to activated carbon) in methane hydrate formation is listed in chronological order in [Table 1A](#T1){ref-type="table"}. The porous material first reported as being for hydrate formation was active carbon, in an investigation by Zhou and Sun ([@B48]). They found that wet activated carbon caused an increase in methane adsorption isotherms and enhanced gas uptake by 60% at a water ratio of 1.4. Later on, many studies proved the optimal water/carbon mass ratio to be about 1 (Perrin et al., [@B30]; Yan et al., [@B42]; Celzard and Marêché, [@B5]). By analysis of pore styles, Perrin et al. found that microporosity seemed to be useless for clathrate formation, while mesoporous and macroporous carbon materials were more favorable to enhancing hydrate formation. Following this work, Celzard and Marêché ([@B5]) proved, however, that saturated pore space would slow down the hydrate formation kinetics since gas diffusion pathways became scarce when the small spaces in the pore network were filled by water. Similarly, another study showed that a 96.5% enhancement of water conversion was obtained due to the larger interstitial pore space between activated particles than between other smaller particles under 8 MPa and 4°C (Siangsai et al., [@B31]). Via observation of the morphology of methane hydrate formed in porous media of activated carbon, Babu et al. ([@B3]) confirmed that the hydrates primarily nucleated on the surface of the activated carbon and that whether the hydrates further developed into stable hydrate crystals depended on the interstitial space between the activated carbon particles. As a consequence, porous activated carbons with an optimal water ratio can provide excellent interfaces that enlarge the area of gas--liquid contact for hydrate nucleation and growth, and the hydrate formation process is only accelerated by active carbons with large pore size rather than micropores.

###### 

List of the carbon-based materials used in methane hydrate formation.

  **Carbon material**                           **Pore size (nm)**        **SSA (m^**2**^/g)**   **R~w~**           **T (K)**            **P (MPa)**                          **References**
  --------------------------------------------- ------------------------- ---------------------- ------------------ -------------------- ------------------------------------ ----------------------------
  **(A)-FOR BULK CARBON-BASED MATERIALS**                                                                                                                                     
  Activated carbon                              \-                        1,800                  1.4                275                  4.6                                  Zhou and Sun, [@B48]
  NC58                                          \-                        1,000                  1.0                275.15               8                                    Perrin et al., [@B30]
  NC86                                                                    1,257                                                                                               
  NC120                                                                   2,031                                                                                               
  Picazine                                                                1,967                                                                                               
  Activated carbon                              1.9                       978, 1,126             1.7, 2.9           278                  8                                    Yan et al., [@B42]
  Activated carbon                              \-                        1,000, 1,587, 2,031    1.09, 0.72, 0.85   275.15               8                                    Celzard and Marêché, [@B5]
  NC120                                         \-                        2031                   1.0                277.15               10                                   Najibi et al., [@B21]
  Picazine                                                                1967                                                                                                
  Activated carbon                              2.19                      866.7                  0.5, 1.0           277.15               8                                    Babu et al., [@B3]
  Activated carbon                              \-                        864--918               1.0                277.15               6 or 8                               Siangsai et al., [@B31]
  Activated carbon                              1.5                       \-                     0.3                \-                   10                                   Liu et al., [@B18]
  **Particles**                                 **Concentration**         **T (K)**              **P (MPa)**        **Duration (min)**   **Storage efficiency improvement**   **References**
  **(B) FOR CARBON NANOTUBE-BASED NANOFLUID**                                                                                                                                 
  OCNTs                                         0.001--0.006%             274.15                 3&4                720                  375%                                 Park et al., [@B25]
  OCNTs                                         0.001--0.006%             274.15                 \-                 720                  260%                                 Pasieka et al., [@B27]
  OCNTs                                         1 × 10^−6^--1 × 10^−4^%   275.15                 4.7                \-                   \-                                   Lim et al., [@B17]
  SDS@ CNTs                                     0.05--0.6 mg/L            275.15                 6                  100                  600%                                 Song Y. et al., [@B33]
  RR195\@CNTs                                   2--40 ppm                 275.15                 6                  203                  250%                                 Song et al., [@B35]
  f-CNTs                                        10--150 ppm               275.15                 6                  100                  575%                                 Song Y. M. et al., [@B34]
  Ag@ OCNTs                                     20 ppm                    275.15                 6                  110                  650%                                 Song et al., [@B36]

*R~w~ is the mass ratio of water to carbon; "-" means "not found"; SSA refers to specific surface area; P and T are the pressure and temperature respectively; the storage efficiency improvement was calculated based on a pure water system*.

Aiming to determine the critical hydrate formation conditions, phase equilibrium estimations of gas hydrate formation in porous carbon materials have been conducted in many experimental or theoretical studies. The methane hydrate equilibrium was usually shifted to a higher pressure or lower temperature in bulk carbons compared to pure water (Najibi et al., [@B21]; Mingjun et al., [@B19]; Yang et al., [@B43]). For example, Liu et al. ([@B18]) measured the methane hydrate formation or dissociation conditions in eleven porous materials, verifying that smaller pores size (below 6.2 nm) exerted a negative influence on the hydrate formation conditions due to extra capillary pressure in these pores. Taking the pore size, pore distribution, capillary pressure, and hydrate--liquid interfacial tension into consideration, some new equilibrium models were established and also supported the experimental results (Zhang et al., [@B46]).

The addition of a traditional promoter such as a surfactant or thermodynamic promoter into the water or offering hydrophobic/hydrophilic groups on the carbon surface have proved to be efficient ways of improving gas storage capacity and the hydrate formation rate in porous media (Casco et al., [@B4]; Cuadrado-Collados et al., [@B6]; Palodkar and Jana, [@B24]; Zhang et al., [@B46]). In the latest research, Cuadrado-Collados et al. ([@B6]) reported the promotion effects of various additives, such as the sodium dodecyl sulfate (SDS), leucine, and tetrahydrofuran (THF) in the confined nanospace of the carbon surface, where hydrate nucleation and growth rate were both accelerated significantly. A similar work was conducted by Zhang et al. ([@B46]), who noted that, when anionic active groups aggregated onto the surface of the porous media, the modified carbon could promote gas adsorption and enhance formation process because of micellar solubilization in the presence of SDS. By introducing oxygen-containing groups on the activated carbon, the carbons performed better after being wetted by water, as shown by the result that the methane hydrate yield was elevated to 51% for oxidation-treated carbons under the conditions of 3.3 MPa and 2°C. It was assumed that the locations of the oxygen groups on the surfaces of carbons acted as nucleation centers for water clustering, which benefited further hydrate growth (Casco et al., [@B4]). Herein, after functionalization or being attached to other promoters, porous carbon materials provided more efficient reaction media for hydrate formation.

There are two basic kinds of promotion mechanism for hydrate formation in wetted porous carbon materials. The generally accepted mechanism is the interface adsorption theory (Zhou and Sun, [@B48]; Mingjun et al., [@B19]; Cuadrado-Collados et al., [@B7]; Andres-Garcia et al., [@B2]). Unlike in the gas--free water system, there are many voids among and inside the carbon particles when water is absorbed in porous activated carbon, and these will provide efficient contact areas for gas and water. The hydrate formation process can then be described as: liquid water films gradually form at the surface of the carbon interface, followed by hydrate formation after gas adsorption at the water--carbon interface. This theory also points out that methane hydrates tend to form in wider pores and the intersectional spaces between particles. Another promotion mechanism is the capillary effect caused by the pores or interstitial space in the porous media. As the capillary force can enhance liquid phase migration in the pores, continuous gas--liquid contact is realized, and hydrate formation distributions are changed constantly. This promotion mechanism became more obvious when surfactant was added to the porous materials (Zhang et al., [@B46]). However, in this light, a minimum pore size of about 3 nm is required for methane hydrate formation considering the hydrate crystal size. Conversely, in some cases, the pore capillary force was assumed to reduce the activity of the pore-confined water that hindered hydrate formation (Liu et al., [@B18]).

Gas Hydrate Formation With Carbon-Based Suspensions
---------------------------------------------------

Suspensions formed by carbon particles in an aqueous solution are considered another potential reaction medium for rapid hydrate formation (Takahata et al., [@B37]; Govindaraj et al., [@B8]; Yu et al., [@B45], [@B44]). In case of severe sedimentation of hydrophobic particles in the reaction system, mechanical agitation is necessary during the hydrate formation. A carbon-based suspension is preferable to bulk materials in a fixed bed as the hydrate reaction system, since there are three distinct advantages when particles are dispersed in a liquid phase: the greater gas--liquid contact area of stirred suspensions, a more uniformly distributed hydrate crystallization process, and the feasibility of a continuous production process (Govindaraj et al., [@B8]).

By investigating methane hydrate formation kinetics in an activated carbon particle suspension at loadings of 0.5, 1.0, and 2.0 wt%, Govindaraj et al. elucidated that suspensions with a higher fraction of activated carbon particles had stronger promotion effects on hydrate formation kinetics (Govindaraj et al., [@B8]). Meanwhile, a prominent positive correlation was established between the activated carbon concentration and the hydrate gas storage capacity, where the gas storage capacity was increased by 60% in a 2.0 wt% suspension compared to a pure water system. Although in several studies, the graphite had marginal promotion effects on methane hydrates, mixtures of graphite and other promoters, e.g., a mixture of graphite and hematite or a mixture of graphite and surfactant could lead to rapid hydrate formation (Takahata et al., [@B37]; Yu et al., [@B45]). Carbon nanotubes, in particular, attracted most interest for the excellent thermal properties reported in some literature. By adding multi-walled or single-walled carbon nanotubes to pure water, the gas consumption and hydrate reaction rate during hydrate formation were dramatically improved (Park et al., [@B26]). A comparative study on the enhanced formation of methane hydrate by different types of CNTs indicated that a shorter nucleation stage and more rapid growth process were obtained when short nanotubes (CM-95) rather CM-100 were applied as additives as a result of the larger specific area of the shorter MWCNTs (Kim et al., [@B12]).

In summary, carbon particle suspensions have obvious promotion effects on gas hydrate formation. The primary reason for this is the enlarged gas--liquid contact area provided by suspended particles, which leads to a mass transfer enhancement. However, it is noted that hydrate formation must be carried out with the aid of stirring, and it thus requires extra energy consumption and the use of an agitation apparatus.

Gas Hydrate Formation With Carbon-Based Nanofluid
-------------------------------------------------

Nanofluid is actually a stable dispersion formed by nanoparticles dispersed homogeneously in an aqueous phase. Nanofluid is considered an excellent hydrate reaction medium based on its superior mass transfer and heat transfer properties (Li et al., [@B16]; Nashed et al., [@B22]). The behaviors of nanoparticles in nanofluid that promote hydrate formation are as follows. Firstly, the nanoparticles move like microstirrers in the liquid through Brownian motion, resulting in constant updating of the gas--liquid interface. Secondly, the nanoparticles have high specific surface areas and can thus offer plenty of nucleation sites for hydrate formation. Lastly, the continuous movement of carbon nanoparticles helps to remove the heat generated during hydrate formation. Carbon nanomaterials such as carbon nanotubes and graphene are more beneficial to heat transfer due to their intrinsic high thermal conductivity.

Nanofluid constituted by water-soluble carbon nanotubes has been verified to be an excellent promoter for gas hydrate formation (as listed in [Table 1B](#T1){ref-type="table"}). When an oxidized CNT nanofluid was used as the reaction system, the gas consumption was up to 4.5 times higher than in water (Park et al., [@B25]; Li et al., [@B16]). The promotion efficiency of chemically or physically treated CNT nanofluid exceeded that of pristine CNTs. For instance, acid-treated CNTs, SDS-coated CNTs and plasma-functionalized CNTs could efficiently reduce induction time, increase gas consumption, and enhance growth rate (Park et al., [@B26]; Pasieka et al., [@B27], [@B29]). The promotion efficiency of the CNT-based nanofluid, however, is affected by the particle fraction, the surface functional groups, and the treatment methods. The best concentration of OCNTs for promoting the growth of methane hydrate was 0.003% in Park et al. ([@B26]). In view of the marked reactivity of the sulfonate groups contained in SDS, some researchers have coated the CNT surfaces with SDS, long-chain polymers containing SO~3~-, or Reactive Red 195 molecules and then dispersed the CNTs in water for use as the reaction system. Hydrates formed in these nanofluids all exhibited gas storage capacities that were elevated to 140--150 v/v, and the hydrate reactions finished within 100 min (Song Y. et al., [@B33]; Song Y. M. et al., [@B34]; Song et al., [@B35]). Moreover, with the aid of a high-speed ball milling process, the obtained functionalized CNTs (such as RR195\@CNTs) had excellent recycling performance in the hydrate formation process (Song et al., [@B35]). Due to the thermal conductivity of metal nanoparticles (nano-Ag or nano-Cu), a prepared compound nanofluid containing OCNTs grafted by metal nanoparticles had a stronger promotion effect than the one-component nanofluid, with the exception that the metal nanoparticle-grafted OCNT nanofluid was not as stable as an OCNT nanofluid (Song et al., [@B36]).

Since graphene has smooth surfaces and is easy to functionalize by sulfonate groups or to load with metal nanoparticles, this two-dimensional carbon material is also introduced to hydrate formation reactions. Wang et al. ([@B40]) grafted sulfonate groups successfully to graphene by covalent bonding and used it in methane hydrate formation. The results showed that the promotion efficiency of SGO (sulfated graphene) was better than that of GO (oxidized graphene). In another work, nano-Ag coated SGO was prepared for methane hydrate formation, and a shorter hydrate formation stage was achieved compared to SGO (He and Wang, [@B10]).

Considering that the fraction of carbon nanoparticles in the nanofluid is far smaller, the promotion efficiency of the equivalent carbon-based material in nanofluid is superior to the materials in suspension or a packed bed. Besides, the stable carbon-based nanofluid has excellent recycling performance in repeated hydrate formation, which thus contributes to more economical hydrate production.

Conclusion and Prospects {#s3}
========================

This work is devoted to the summary of hydrate formation in various carbon media of different forms: porous carbon materials in packed beds, particles in suspension, and nanoparticles in nanofluid. [Figure 1](#F1){ref-type="fig"} highlights the themes of this mini review. Porous carbons provide a large interface area for gas-liquid contact, and particles in suspension or nanofluids are helpful for heat and mass transfer enhancement. To sum up, carbon-based materials, either in macro or micro forms, all show unique promotion effects on gas hydrate formation. Carbon-based nanofluid is the preferable medium among these for achieving economical and efficient hydrate production. Accordingly, it is necessary to develop more economical and efficient carbon-based nanofluids via surface modifications or coupling with other promoters. Besides, a majority of current research focuses on experimental investigation, while few works have attempted molecular illustration of the gas hydrates promoted by those carbon materials. Molecular simulation or mathematical modeling to investigate the hydrate formation characteristics and hydrate growth mechanism in carbon-based materials is therefore required, and this would also be helpful for designing and propelling the application of novel carbon materials for hydrate-based technology.

![The schematic summary of the promotion of the carbon-based materials on the gas hydrate formation.](fchem-08-00464-g0001){#F1}
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